INTRODUCTION
The tuberculostatic drug ethambutol induces red-green colour vision disturbances in 1-2% of long-term treated patients, leaving blue-yellow colour discrimination mostly unaffected (Trusciewicz, 1975; Zrenner & Kruger, 1981) . This colour vision anomaly disappears when the ethambutol treatment is discontinued. The same happens in goldfish that are fed rather high doses of ethambutol for at least 2-3 weeks (SpekreJijse, Wietsma & Neumeyer, 1991; Wietsma, 1994) . In this preparation it was shown that ethambutol interacts at retinal level because the drug affects red-green double opponent ganglion cells in carp (Van Dijk & Spekreijse, 1983 ) and goldfish (Wietsma & Spekreijse, 1992; Wietsma, 1994) . These cells reversibly loose inhibitive interactions between the long and middle wavelength sensitive cone mechanisms, suggesting that the loss of red-green colour vision due to ethambutol is initiated in the retina. Spekreijse et al. (1991) not affect photoreceptors in goldfish because the electroretinogram and the behaviourally determined absolute-light detection thresholds remain unaffected. On the other hand, ethambutol already affects the outer plexiform layer because horizontal cells hyperpolarize upon acute application of ethambutol with a relative reduction in sensitivity to red light. Furthermore, their response dynamics slows down indicative of loss of feedback from horizontal cells to cones as thus seem to behave like dark-adapted horizontal cells. The spectral sensitivity function of ethambutol-fed goldfish (obtained behaviourally by rewarding the fish at the not-illuminated test-field in the presence of an illuminated test-field) resembles the spectral sensitivity function obtained under mesopic background illumination (Neumeyer & Arnold, 1989) . Therefore Spekreijse et al. (1991) suggested that ethambutol arrests the retina in a dark-adapted state. If indeed this is the case, then this should be reflected in the horizontal cell response properties and their morphology.
To test this hypothesis, we studied three parameters of horizontal cell function, all known to change upon dark adaptation: (1) receptive field size, (2) spectral characteristics and (3) spinule formation.
In the dark-adapted retina, horizontal cells have small responses, narrow receptive fields (Mangel & Dowling, 1668 J.J. WIETSMA et al. 1985 Yang, Tornqvist & Dowling, 1988) and lack depolarizing responses (Weiler & Wagner, 1984; Djamgoz & Yamada, 1990; Kirsch, Wagner & Djamgoz, 1991) . During light adaptation, teleost horizontal cells form finger-like processes (spinules) in the cone pedicles (Weiler & Wagner, 1984) which are absent in dark-adapted retinae.
Light responses were recorded intracellularly from horizontal cells in isolated retinae of goldfish to examine the influence of ethambutol on receptive field size. These experiments should reveal whether ethambutol changes the receptive fields of the horizontal cells in a similar way as dark adaptation. Furthermore, the spectral characteristics of horizontal cells were measured intracellularly in retinae of long-term ethambutol-fed and control goldfish. If ethambutol changes the horizontal cell spectral sensitivity in a similar manner as dark adaptation, then reduced numbers of biphasic and triphasic horizontal cell responses are expected. Finally, the spinules of horizontal cells in long-term ethambutol-treated, light-or darkadapted, goldfish retinae were studied. If ethambutol arrests the retina in a dark-adapted state, then a reduced number of horizontal cell spinules is expected in the light-adapted retinae from ethambutol-treated fish.
MATERIALS AND METHODS

Animals and drug delivery
Goldfish (body length 10-15cm) were kept in 60 × 60 x 40 or 120 × 60 x 40cm aquaria in a room illuminated with luminescent tubes (Philips 58W/84, average intensity 200 Ix), with a 12 hr light/12 hr dark cycle. For drug application the animals were housed individually in 45 × 25 x 25 cm aquaria in the same room. In addition to their diet, one pellet containing ethambutol was given every day. The pellet was eaten quickly after delivery.
The ethambutol pellets were composed of a mixture of tragant (Merck, Darmstadt, Germany), powdered fish food [Duplarin/S (DUPLA, Germany)] and ethambutol. The amount of ethambutol per pellet was corrected for average body weight such that a dose of 500 or 1000 mg ethambutol/kg body wt/day was given. The 500 mg/kg/day dose, given for 2-3 weeks, is effective to induce red-green wavelength discrimination deficiency (Spekreijse et al., 1991) . The retinae from these long-term ethambutol-fed goldfish were used in the in vivo spectral sensitivity and in the morphological experiments. The effects of ethambutol on horizontal cell receptive fields were studied by application ofethambutol dissolved in the Ringer's superfusion solution to the isolated retinae of control fish.
Recordings of horizontal cells in isolated retinae
Fish were dark adapted for a period of 30-60 min. Under dim tungsten light an eye was removed and the retina isolated. The isolated retina was, receptor side up, mounted in the recording chamber (vol 1 ml), and superfused (ca 0.9ml/min) with Ringer's solution, containing (in mM) NaC1 (102.0), KC1 (2.6), MgC12 (1.0), CaC12 (1.0), NaHCO3 (28.0) and glucose (5.0), gassed with 97.5% 02/2.5% CO2, resulting in pH 7.7-7.8. The temperature of the recording chamber was kept at ca 17.5°C. Recording was done with glass micropipettes, pulled on a PC 87 puller (Sutter Instrument Co., Novato, Calif., USA), filled with 3 M KC1, with a resistance of 60-100M~ (measured in Ringer's solution). The micro-electrode signal was recorded using a World Precision Instrument S7000A with $7071 electrometer module (WPi, Newhaven, USA), and a chart paper recorder (Graphtec Linearcorder, Tokyo, Japan). The signal was digitized by a CED 1401 A-D converter (Cambridge Electronic Design, Cambridge, England), for storage in a MS-DOS computer.
The recording chamber and micromanipulator were mounted on an inverted microscope (Olympus IMT-2). The fluorescence channel of the microscope, with a 2 times magnifying objective, was used for projecting light stimuli generated by an optical stimulator onto the retina (Van Dijk & Spekreijse, 1984) . Light from a Xenon source (450 W Osram) was distributed over two channels, in which intensity, stimulus period, spot-size and wavelength could be varied. One channel was equipped with a monochromator (Ebert, Waldham, Mass., USA), the other one with interference filters (bandwidth 10 nm) (Ealing IRI, Watford, USA). The available intensity range was ca 6 log units, with a maximum (referred to as 0log) in the plane of the retina of 4.5.10 '6 quanta.m -2.sec '. Sizes of the stimuli are given at the level of the retina. The full-field stimulus (10 mm dia) covered the entire retina.
Morphological methods
Goldfish [10 cm body length; four control and six ethambutol-fed (500 mg/kg/day, 10 weeks)] were either light adapted (room illumination) or dark adapted (2-3 hr). The isolation of the dark-adapted retinae was done under dim tungsten light within about 2 rain to avoid changes in state of adaptation. The absence of spinules (see below) confirmed that the dark-adapted retina remained indeed dark adapted. After enucleation, the frontal part of the eye was removed and the eye cups were immersed in fixative (1,25% glutaraldehyde and 1% paraformaldehyde in 0.2 M sodium-cacodylate buffer, pH 7.4) for about 24 hr at 4°C. The tissue was rinsed in 0.2 M sodium cacodylate buffer for another 24 hr. From each eyecup, a small piece was cut from the central part of the retina, post-fixed in OsO4, dehydrated in ethanol series, and embedded in epon resin. Part of the material was treated with the ethanol-phosphotungstic acid (EPTA) staining for visualization of the bar-like structures in the spinules. For EPTA staining, the tissue was not treated with OsO4, but after dehydration incubated in a solution of 1% phospho-tungstic acid in 100% ethanol for 1 hr at 60°C and embedded in epon resin. Of all retinae, radial or tangentially 70 nm EM sections were made at the level of the photoreceptor terminals. EPTA treated tissue was semi-thin (250 nm), tangentially sectioned. The sections were counterstained with lead citrate and uranyl acetate. The cone pedicles from all retinae were searched for the presence of bar-like structures, associated with the horizontal cell spinules. For representative sections of EPTA stained retinae (one of each experimental group), series of 20 photographs were taken of cone pedicles synapses, and the number of spinules and synaptic ribbons counted.
RESULTS
Effect of ethambutol on receptive field properties of horizontal cells
The effects of acute application of ethambutol on horizontal cells in the isolated retina could be successfully studied in eight monophasic and six biphasic horizontal cells. Ethambutol app](ication resulted in transient hyperpolarization and transient changes of receptive field size of both mono-and biphasic horizontal cells. Figure  1 shows the time-course of these effects in a monophasic horizontal cell. In this cell, ethambutol induced a hyperpolarization of 15 mV which is reached in about 3 min; subsequently the cell repolarizes in about 7.5 rain to the initial resting potential. The average control resting potential of the monophasic horizontal cells was -38 + 9 mV (n = 14). With 0.1 mM ethambutol the monophasic horizontal cells hyperpolarized 8 -t-2 mV in 5_2min (n=4), and with lmM ethambutol, 16 + 11 mV in 5 __+ 2 min (n = 4). The horizontal cells reached the control values in 9 __+ 2 and 13_ 1 rain respectively. The biphasic horizontal cells hyperpolarized 6.8 + 5.7 mV in 4.7 ___ 1.8 min (n = 6) and reached the control values 11 + 2 min. When application of ethambutol was discontinued, in a few cases a slow depolarization (3 _ 3 mV, n = 4) of the resting potential was seen, that disappeared within 5 min. Figure 1 also shows the effect of 1 mM ethambutol on the receptive field properties of a goldfish monophasic horizontal cell. Initially, the cell was characterized with a series of full-field monochromatic flashes of 500 msec (450--700 nm, in steps of 50 nm). Then in a cycle of 4 sec, flashes of 500 msec duration and 600 nm wavelength were given. The 1 mm spot was on from 0 to 500 msec and the full-field stimulus from 2000 to 2500 msec. The intensity of the full-field stimulus was set at about -2 log units; the stimulus intensity of the spot was adjusted till response amplitudes were obtained of the same size as to the full-field stimulus (generally at 1-1.5 log units higher intensity). Within 1 min after application of 1 mM ethambutol, the responses reduced to about 70% for the full-field and to about 40% for the spot stimuli, indicating that the receptive field increased. After the hyperpolarization had fully disappeared the response amplitudes for both stimuli recovered to about 80% of the initial value, and were balanced again. Note that the shape of the light response during ethambutol application changes strongly. In the hyperpolarization phase the full-field response is sluggish with maximum amplitude being reached 500 msec after stimulus onset [ Fig. I(A) ]. When the initial membrane potential is re-established, a second depolarization phase is present [ Fig. 1 (B) ]just as before ethambutol application [not shown since it was the main issue of our 1991 paper (Spekreijse et al., 1991) ]. Because the secondary depolarizing phase is attributed to horizontal cell to cone feedback (Kamermans, Van Dijk & Spekreijse, 1989b,c) , this result suggests that during the transient hyperpolarized phase, the feedback from horizontal cells to cones is reduced as reported in Spekreijse et aL (1991) .
The change of the receptive field size seems to be correlated with the amount of hyperpolarization of a horizontal cell. Figure 2 gives, for three monophasic cells, the relationship between their membrane potential change and the spot/full-field response ratio during the transient change of the membrane potential. Note that a reduction of the spot/full-field ratio indicates an increase in receptive field size. The initial ratio of about 1 before ~® Bo I ethambutol application, reduces when the membrane potential becomes more negative, and increases again when the cell depolarizes, suggesting that the receptive field size measured in this way varies nearly proportionally to the membrane potential•
Effect of ethambutol on spectral sensitivity in vivo
Because ethambutol induced red-green colour vision defects in goldfish only after prolonged application (Spekreijse et al., 1991) , we investigated the spectral behaviour of horizontal cells in the retina of control and long-term ethambutol-fed goldfish• The spectral characteristics and the percentage of the various horizontal cell types were determined• Each horizontal cell encountered in the isolated retina was classified using the criteria of Spekreijse and Norton (1970) by presenting full-field light stimuli of 500 msec duration with wavelengths changing in steps of 50nm from 450 to 700nm. Cells that hyperpolarized to all stimuli and had a maximum response amplitude at 600nm were classified as monophasic horizontal cells• Cells with maximum hyperpolarization at 500 nm, and depolarizing responses at 650-700 nm were classified as biphasic horizontal cells.
Horizontal cells that hyperpolarized at 450-500 nm, depolarized at 500-650nm and hyperpolarized at 700 nm, were classified as triphasic horizontal cells.
Horizontal cells with very slow, long-lasting responses with a maximum amplitude at 500 nm were classified as rod driven horizontal cells. Cells that could not be classified in any of the above groups, are listed as unclassified. In general ~Lhey did not depolarize at any wavelength and gave a maximum response at 500 nm, their dynamics excluded them to be rod driven, so they behaved as dark-adapted biphasic horizontal cells (Weiler & Wagner, 1984) . In contrast to our hypothesis all types of horizontal cells could be found in ethambutol-treated animals ( Table  l) . The relative presence of the cell types in both control and the ethambutol-fed goldfishes was equally distributed (•2 test, ~ = 0.001; the triphasic cells excluded). Also, the spectral characteristics of the mono-and biphasic horizontal cells in the long-term ethambutoltreated and control fish were equal (Fig. 3) . Although such a comparison could not be made for the triphasic cells, since they were not found in the control retinae, the fact that they were recorded in ethambutol-treated animals shows that triphasic horizontal cells function in ethambutol-treated fish. So both the relative number as well as the spectral characteristics of the horizontal cells of control and of long-term ethambutol-treated goldfish do not differ from each other.
Effect of ethambutol on horizontal cell morphology
Apart from the electrophysiological parameters for horizontal cell function, we also studied a morphological indicator for the horizontal cell adaptation state: the number of horizontal cell spinules. Figure 4 shows ribbon synapses from control (A, C) and ethambutol-treated (B, D) goldfish in both dark-adapted (A, B) and light-adapted (C, D) conditions. The EPTA staining clearly shows bar-like structures of spinules near the synaptic ribbons in both the control and ethambutol-treated light-adapted retinae. Note that these are hardly present in the dark-adapted retinae. In both control and ethambutol-treated retinae, about 200 spinules were counted and the number of spinules per synaptic ribbon determined, yielding 3.7 for the ethambutol-treated retinae and 3.2 spinules per ribbon in the control retinae. The results show that ethambutol does not diminish spinule formation in horizontal cells.
DISCUSSION
In this paper we have tested the hypothesis that ethambutol arrests the retina in the dark-adapted state. Our findings show that ethambutol does not have such an effect because:
(1) Ethambutol induces only a transient increase of the receptive field size of horizontal ceils. As soon as the membrane potential is restored after ethambutol application, the receptive field size returns to the pre-application situation. (2) The frequency of occurrence and the shape of the spectral characteristics of monophasic and biphasic horizontal cells of control and ethambutol-fed animals are identical, whereas triphasic horizontal cells are also found in ethambutol-fed goldfish. (3) Spinule formation in ethambutol-fed fish is as in control fish. Spekreijse et al. (1991) suggested that ethambutol exerts its action through reduction of horizontal cell to cone feedback. Figure 1 suggests that the feedback signal (the second depolarization of the light-on response) is indeed reduced during the hyperpolarized period upon ethambutol application [ Fig. I(A) ], but recovers in about 15 min in the presence of ethambutol [ Fig. I(B) ].
In the literature several reports can be found which indicate that polarization of the horizontal cell membrane is associated with changes in relative sensitivity for red, green or blue light stimuli. Cobalt ions (Kamermans, 1989; Kamermans & Spekreijse, 1995) , glutamate antagonists (Mangel, Ariel & Dowling, 1985) and APB (Wietsma, 1994) all hyperpolarize horizontal cells and decrease the response to red light relative to green light. All these results are consistent with the notion that feedback strength reduces with hyperpolarization. Hyperpolarization will in general reduce response amplitudes. Because feedback is more pronounced in the green part of the spectrum (Kamermans et al., 1989b (Kamermans et al., , 1989c Kamermans & Spekreijse, 1995) , a reduction of feedback strength during hyperpolarization will result in a smaller reduction of the responses to green than to red stimuli.
Since feedback is spatially extensive, the same reasoning can be applied to the spot vs full-field stimuli. The response to full-field stimulation will be less reduced during hyperpolarization than the response to spot stimulation, resulting in an increase of the receptive field size. Therefore we hypothesize that ethambutol primarily hyperpolarizes horizontal cells, resulting in reduction of feedback from horizontal cells to cones. This reduction changes the colour coding and receptive field size. The mechanism by which ethambutol induces this transient hyperpolarization remains however unknown.
The time-course of the membrane potential change in the horizontal cells is rather similar to the transient change in the spontaneous spike discharge measured in carp ganglion cells upon application of ethambutol (Van Dijk & Spekreijse, 1983) . Polarization of horizontal cells by current injection can generate discharges in ganglion cells (Naka & Witkowsky, 1972; Naka, 1976; Van Dijk, 1985; Kamermans, Van Dijk & Spekreijse, 1989a) . Therefore it cannot be excluded that the ganglion cell discharge observed, is induced through hyperpolarization of the horizontal cells. We can, however, exclude that horizontal cells are responsible for the loss of spectral opponent interactions at ganglion cell level, because they were measured more than 15min after onset of ethambutol application and by then the horizontal cell function is normal.
Feedback from horizontal cells to cones
The ethambutol-induced hyperpolarization of the horizontal cell membrane is associated with a reduction of the receptive field size (see above) and a stronger reduction of the sensitivity to red stimuli than to green stimuli (Spekreijse et al., 1991) . The question is whether all these changes can be attributed to the same mechanism
Morphology
In this paper we have shown that the formation of spinules is not arrested in light-adapted ethambutoltreated goldfish indicating that the horizontal cells do not stay in a dark-adapted condition. The maximum ocular concentration of ethambutol reached in our experiments is of the order of 2 mM (dose of 500 mg/kg body wt/day), if equal distribution over all tissues is assumed. This concentration will probably not be reached since the excretion of ethambutol, at least in mammals (Buyske, Sterling & Peets, 1966) , is rather fast. Our results confirm those of Kohler, Zrenner and Weiler (1992) who reported that intraocular injections of ethambutol in the light-adapted eye did not affect the number of spinules, except for high concentrations (10 mM) which reduced the number of spinules by 30%. If however, 0.1-10 mM ethambutol was injected 10min prior to the light adaptation, the formation of spinules, determined 45 min after the start of the light adaptation, was reduced by 50-75%. This could mean that ethambutol slows down the speed of spinule formation, but not the actual number reached. These results suggest that lack of spinules is not the source of the etha~mbutol-induced colour vision deficiency. The role of spinules in vision remains a mystery since Lin and Yazulla (1994a,b) have shown that they also do not play a role in photopic luminosity coding.
Behavioural experiments
The spectral sensitivity curve ofethambutol fish trained to swim to the not-illuminated field in a two-choice stimulus paradigm (Neumeyer & Arnold, 1989) resembles that of fish under a mesopic (1.5Ix background) condition. This spectral sensitivity curve has three peaks at photopic level, whereas at mesopic level the sensitivity in the red part of the ,;pectrum is reduced just as in prolonged ethambutol-treated fish at photopic level (Neumeyer & Arnold, 1989; Wietsma, 1994) . Neumeyer (1984) proposed a model in which horizontal cell to cone feedback is the crucial mechanism for these inhibitive interactions. Our results indicate, however, that normally functioning horizontal cells with intact feedback properties are present in ethambutol-treated goldfish, and thus cannot be the source of the ethambutol-induced colour vision defect or the source of the ethambutolinduced changes in ganglion cell properties.
CONCLUSION
Ethambutol does not arrest the outer retina in a dark-adapted state. Horizontal cells are not responsible for the sustained colour vision defect observed after prolonged ethambutol treatment. Since inhibitive interactions in red-green ganglion cells are reduced by ethambutol, it is likely that ethambutol acts in the inner plexiform layer. Therefore, in contrast to our earlier statement that horizontal cells play a crucial role in colour vision (Spekreijse et al., 1991) , we now state that they do not play a role in induction of red-green colour vision deficiency in goldfish.
